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INTRODUCTION

Currently ceramics are used for radome structures in several
> Army missiles because of their desirable dielectric properties, in

~~~ 
addition to rain erosion resistance. The use of brittle ceramic mate-

C...) rials as in radome structural components is relatively new . Since each
radoine developed requires a new design , it is important to thoroughly

i_u understand the materials capabilities . Ceramics rarely exhibit a single
• -~ .I characteristic failure strength and therefore uncertainty exists regard-

j_~ _ ing stress levels to which they can be safely subjected . The common
concept of ceramic fracture is that of failure initiation due to tensile

~~~~~~~ 
stresses acting at the size of a stress-intensifying f law . Such flaws
are either basic features of the microstructure , namely pores , inclu-

~ ~~~~ sions, weak grain boundaries , or external scratches or cracks introduced
during surface finishing or handling . In many structural ceramics vari-
abil ity of worst f laws leads to a •size dependency of strength (1,2).

F Therefore recognition of variability in strength is. important for proper
structural des ign of these materials. This variability usually requires
a probability-based failure criteria such as the Weibull representation .
That is

Pf = 1 -exp [_K f ( a  - 0 /00)m dv] (1)

where K is related to loading , V is the vol ume of mater ial , c is frac-
ture stress , and a

~ 
is threshold stress; 

~~ 
is defined as zero for the

particular brittle materials considered in this paper; 00 and m are
distribution constants determined from test data.
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Consideration of time-dependent failure is also important.
Fracture is delayed , occurring after stress has been sustained for some
duration. Associated with the phenomena of static fatigue is an in-
crease in strength with increase in stress or strain rates (3,4). For
silicate glasses and most oxide ceramics it is known that the presence
of moisture causes the environment to be reactive , even at ambient con-
ditions (5). Numerous researchers have demonstrated the occurrence of
subcritical crack growth in water and observed equivalent strength re-
ductions in glass ceramics by a factor of one third and of alumina Ce-
ramic by one fourth . Thus the selection of a ceramic component should
not be based on strength alone. The occurrence and rate of crack growth
can be a decisive factor.

From the analytical viewpoint, theories are ava i lable and
partially verified for treating the effects of time , size, and stress
distribution on the likelihood of failure (6). From a pragmatic view-
point, pre-service proof testing can also be applied . Effective proof
testing must closely simulate not only the magnitude , but also the
distribution of tensile stresses. In add ition , proper account must be
taken of any subcritical crack growth which might occur during attempted
proof stressing.

DISCUSSION OF MATERIAL CHARACTERIZATION AND
PROOF TEST PROCEDURES

~ ‘. :
In component qualification, it is important to consider a typi-

cal ceramic radome product specification (7). Requirements for mechani-
cal properties data include hoop tensile strength as determined via
hydrostatic internal pressurization of a thin ring . The specification
calls for two strength determinations on rings machined from the base
of each radome. Density determinations are made on failed segments
subsequent to burst testing . Figure 1 illustrates a typical ring speci-
men and includes a schematic of test apparatus. Hoop tensile strength
is calculated from an elementary strength-of-materials formula. The
modulus of rupture or flexure test is also a qualification requirement.
Samples are fabricated in the same manner as the radome and from the
same casting slip. Three specimens are required . It is of interest
that both types of tests are performed at room temperature . Some mechan-
ical properties data were available in the open literature for slip-cast
fused silicate (SCFS). Tensile evaluations were performed in a gas
bearing tension facility . Strength observations were completed over
temperatures ranging from 70 F to 2200 F. Figure 2 summarizes tensile
strength versus failure probability for the coupon specimens . Also
shown in this illustration are results from hydroburst ring tests for
one particular type of SCFS radome (Type I). Note the significant dif-
ference in tensile strength for the coupon versus ring tests , and the
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Schematic øt Appa ratus Test Specimen
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Figure 1. Hydroburst apparatus and test specimen
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difference in volume of the tension specimens . Interpretation of such
phenomena has received a fair amount of attention (8,9). Based on the
assumption that volume and/or surface area versus strength effects
exist and furthermore can be well represented by Weibull statistics,
numerous investigators have presented theoretical interrelationships
to estimate the strength of a particular specimen geometry and load
distribution from data obtained in different configurations . Suppose,
for instance, we consider the case of uniform tension and assume
strength is merely volume-dependent. Then at the same value of failure
probability, for two distinct sets of statistical data,

01/02 = [(K 2V2)/(K1V1)]1/m (2)

where 01, 0~ are corresponding stresses, V 1, V2 their associated
volumes , and K~ , ~2 define the type of loading . Furthermore, a two-
parameter Weibull representation has been assumed such that the proba-
bility of fracture at a given stress o is taken as Eq. 1 with a

~ 
= 0

and the risk of rupture is defined as

R = f  (0/00)m dV . (3)
V

Equation 3 can be evaluated for any given stress distribution
appropriate to the experiment being conducted. Thus, simple interrela-

• - ;  tions can be developed for the variety of test methods applied to ce-
ramics . Figure 3 summarizes data available for SCFS radomes . Data
from each experimental apparatus is fit by the Weibull statistic and
then the strength distribution of the other test method is estimated

1 0 ~~ ~~~~~~~
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and compared to observed response. Referring to Figure 3, it appears
that the two-parameter Weibul l model is a fairly good representation
for the size/strength effect. As a further confirmation, experiments
were conducted on Type I SCFS for three- and four-point flexure.
Figure 4 summarizes these estimates and limited experimental data.

AEROTHER)4AL TESTS

Typically aerothermal preflight certification tests are con-
ducted on radoine materials. Such tests are intended to simulate , to
the extent possible, ascent and re-entry worst-case heating environ-
ments to screen candidate materials. Fl ight test risks on actual
hardware rather than subscale models is used since numerous difficul-
ties are inherent in aerothermal models. It is difficult, for instance,
to accurately correlate subscale heat shield thicknesses, gaps, steps,
protrusions, and boundary layer characteristics, with full-scale radome
structures.

In operation, various gas coinbustors are used to imp inge a
high temperature exhaust with reasonable simulation of pressure and
velocity characteristics. As an example, the ascent heating of the
radome forebody is simulated by a relatively low preheat gas coinbustor
and the radoine removed and then allowed to equilibrate until a desired
joint bond line temperature is achieved . Subsequently the radome is
plunged into combustor exhaust. However, the gas is now at the appro-
priate temperatures to represent the re-entry phase of the simulation.

• Aerothermal tests are not considered in any detail in this report.
Room temperature internal pressure tests such as illustrated in Figure
5 are considered in depth.

Conversion Equat ion

m . Welbu l l Constant 9~ — —
- V 1 - Specimen Velocity 
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- r —

0 / I 0 Actual 4-Pt Test Data

~ 0. 4 - — Rest Fit Weio ul? Functiorr ~,,’° : ~
• —• Act ual 3-Point Tes t Data

0. 2 - 

~ ~3 IMeani~ 10.6 isI

• 8 rSt,rsdard Dev iatuonl D.t~20 iii

Fles ure Stre ngth , O•3 16511

Figure 4. Estimates of three-point flexure str ength from four-point f lexure data
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STATIC STRUCTURAL TESTS

Several types of static structural loadings are typically
employed to verify load capacity, to assess structural integri ty, or
to proof test from the mechanical strength viewpoint. One experiment
is depicted by Fi gure 5 wherein a radome is subjected to internal hy-
drostatic pressure. Figures 6 and 7 show exper iments intended to
verify load capacity of the radome and joint designs. In these in-
stances the static tests employ whiffletree arrangements or simple
off-angle loaded fabric straps. The load magnitudes are intended to •

simulate critical mission maneuver load magnitudes . The loads are
applied quasi-statically and usually do not represent real mission
times. The spatial distribution of ]oads is represented only in an
approximate sense.

TIME DEPENDENCY

Time-dependent failure, or the possible existence of slow
crack growth phenomena , had apparently not been investigated for SCFS
typically used in missile radomes, therefore this aspect of material
response was explored. Baseline data was obtained for Type I SCFS
specimens prepared from radome .fragments as well as specially prepared
representative billets. Mechanical strength tests were performed at
different loading rates. Differences in strength as a function of
these stressing rates can be used to infer analytical models for slow
crack growth. Based on such results, the so-called strength-
probability-time (SPT) nomograph can be prepared (4). Such informa-
tion is useful , for instance, in establ ishing proof test load l imi ts
and safety margins for long-term stress such as might be main tained
by mismatch bonded or mechanical radome-to-substructure joints .

These beam specimens were subjected to ultrasonic and X-ray
inspection and ultrasonic velocities were obtained as well as bulk
dens ities. In this series of tests acoustic emiss ion (AE) appara tus
was additionally employed . The intention of the AE observations was
to explore the possibility of detecting material damage prior to
failure . These series of experiments did not yield any useful cor-
relation between AE counts; neither total counts nor rate of emission
gave a clear-cut trend with strength levels.

There were severa l obj ectives of the exper iments on th is
SCFS. It was desired to thoroughly investigate slow crack grow th at
room temperature . Accordingly, flexure tests were conducted at each
of two loading rates. This permitted construction of the SPT nomo-
graph. In order to study the validity of this technique , a ser ies
of creep rupture tests were completed . These were compared to pre-
dicted failure times to substantiate the methodology , as discussed
subsequen tly.

LLi • _ _ _ _ _ _  - “
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Another objective for this series of experiments was to study
poss ible proof stress da maging effec ts on streng th and/ or time to
failure of SCFS at ambient conditions. Therefore a set of virgin ,
e.g., untested , beams was loaded to predetermir stress levels and
tested to fa i lure (see Figure 8).

CONSTRUCTION OF THE DESIGN STRENGTh-PROBA BILITY-TIME NOMOGRAPH

Under constant stress a in a delayed fracture test, the time
to fa is given , in an elementary fashion , by:

CIc
T =  f  dc/V (4)

where C~ is in it ial crack size, C1~ critical crack size, and V crack
veloc ity. Assuming that a simple power form of crack velocity versus
stress intensity can be wr itten V = a K~, then

T = 2K f
/[(ay)2 a (n-2)) (5)

and for typical large n values, K 1ç are negl igible. For a given ba tch
of N specimens with initial flaw size C~

— 

2y 2 h 1  02-n (2-n)/2 (2 n)/2 
-

T — 

(ay) 2 a (n-2) 
= 

afl

where y = geometric constant. Then, for specimens with the same ini-
tial flaw size and the same probability of failure ,

= a1. (6)

Using Eq. 6, a family of lines can be constructed on the Weibull
strength/prob abili ty of survival graph correspond ing to increas ing
failure times. For an individual specimen stressed at ~1 and fa il ing

12 -
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in T1, we now have a relationship for another specimen fai l ing at
stress 00 in a reference time T0. This permits construction of an SPT
nomograph where a family of parallel lines are equispaced for equal
logarithmic increases in failure time (4). According to this simple
theory , creep rupture data can be related to instantaneous dynamic
failure by use of the following relationship,

(ao/a
~)~ 

= Ti/To (7)

DISCUSSION OF RATE EFFECTS

The SCFS specimens were machined to 0.llxO .15x2.O_inch sizes
and tested in four-point bending (1.875-inch span) at room temperature,
for a load rate of 0.5 in./min . Another group of 22 specimens was
tested in the same manner except load rate was 0.01 in./min. The

• strength levels for each set of data were obtained. Results are
plotted in Fi gure 9, indicating good fit to the Weibull distribution .
It was determined from the test data at the 99% confidence level (10)
that mean strength (a = 9.07 ksi) for load rate of 0.5 in./min was
significantly greater than ~ = 8.14 ksi for the 0.01 in ./min rate.
An SPT diagram, Figure 10, was constructed using the data described
above in conjunction with the theory discussed next. Failure times of
1.27 sec and 57.0 sec were determined for strength values of 9.07 and
8.14, respectively.

The exponent n = 35.12 from Eq. 7 is obtained from the
strength and time data, providing the necessary parameters for SPT
diagram construction . The Weibull modulus m = 15.06, describing the
slope of time-to-failure lines in the SPT diagram, was determined
from avera ging in values obtained from the two different load rates.

Welbull Curve
1.0 -

£ Load Rate 0.5 in 1mm
- Load Rate 0.01 In. 1mm S

D. B - 
- ~~~~~~~~~ 
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:
‘
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m~~ l2.3 m 15.1

~~~ 
: ~~~~ 
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Figure 10. SPT diagram for SCFS superimposed delayed fracture data normalized to
failure time of one second

An evaluation of the adequacy of the SPT diagrams for SCFS
was made from delayed fracture data to estimate the equivalent fa ilure
stresses for a failure time of 1 second . . Results in Figure 10 show
excellen t agreemen t between delayed fracture data and the predicted
data , except for specimens failing within a short time frame CT <
1 minute). Figure 10 survival probabilities are represented as a func-
tion of both bend and tensile stress volumes (Vt). It should be noted
that smaller Vt resul t in hi gher fa i lure  loads for equivalen t 

~
‘s values.

The flexure stress labelled with VB = 0.031 in.3 represen ts the test
results presented in this report. The equivalent data for a tension
test were superimposed on the diagram to indicate the effects of volume
changes . The o~ values for Vt = 0.005 in.3 and 2.0 in.3 are tabula ted
to provide ranges of probability versus stress for relatively small and
large elemen ts such as used in a f in ite element analys is. The label at

• the top of diagram where V~ = 31.4 in. 3 represen ts the volume of the
ring used in a hy droburs t streng th test to measure the quali ty of SCFS. 
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ANALYSIS OF THE INTERNAL PRESSURIZATION PROOF TEST

F Thus far we have gained insight into the probability of
failure and time dependency aspects of strength behavior . This in-
formation can now be used to assess the radome internal pressurization
proof test depicted in Figure 5. For this purpose, an axisynunetric
finite element analysis was performed using a unique set of finite
element software, modules . This approach has been shown to be both ef-
ficient and competitive (11) with other finite element procedures . The
final result is a series of codes which address directly the partic-
ular structure in question and the types of information required . A
primary concern with the effects of various end-restraint conditions
isoparametric axisymmetric solid element was used to model the elastic
behavior of the radome and a substructuring technique was implemented.
The entire structure contains over 3000 degrees of freedom and is di-
vided into four subreg ions , the details of which are shown in Figure 11.

Iii -

// Figure 11. Finite element gridding
ft i~~i

730 DOF
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Several conditions were analyzed . First , the :adome was
assumed to be pressurized to 100 psi inte rna l  pressure (see Fi gure 5) .
This pressure was taken to act over the ent i re  inner  surface down
to the aluminum restraining ring (see detail joint schematic , Figure
5). In the region of the retaining ring no radial movements were
permitted on the outer surface of the radome . Two additional compu-
tations were completed wherein 7-mu and 15-nil radial displacements
were imposed . These displacements are intended to sirulate the ef-
fects of out—of-tolerance conditions which mi ght occur and should be
primarily app lied to the inner surface of the rtstrai ;~t reg ion due to
the inability of the bolt-up configuration to transmit tensile loads.
The entire structure can be treated for a unique set of boundary .~on-
ditions in approximately six minutes (UNIVAC 1106) of computer tin~’.A consideration of various restraint conditions applied to subregion
(d) in Figure 11 can be achieved at a fraction of that cost.

Since axisymmetric conditions apply, the calculations of
radial displacement effects are lower bound estimates . In reality ,
out-of-tolerance dimensions may be nonsymmetric .

Furthermore , in bolting the rad3me in place , the displace-
ments would most likely be imposed sequentially on opposite ends of
the diameter of the base. These facts , coupled with stress concen-
trations around bolt holes , suggest that somewhat larger stresses
might exist due to mismatched tolerances .

y

ASSESSMENT OF PROBABILITY OF SURVIVAL

Resul t s  of the f in i t e  element stress ana lys i s  were used to
est imate probabi l i ty  of survival under conditions of the proof t e s t .
Note that  the radome joint  consists of four types of mater ia l , namely
SCF S , g lass epoxy , graphite epoxy , and the jo int  adhesive.  Accordingly ,
two ana ly t ica l  formulat ions  were used . The f i n i t e  element stress
d i s t r ibu t ions  were used in e v a l u a t i n g  i n d i v i d u a l  p robab i l i t y  values
of the f i n i t e  volume elements of the SCFS s t ructure  and m u l t i p l y ing
these probabi l i t ies  to obtain P

~ 
for the p a r t i c u l a r  applied loads .

The probabi l i ty  of survival  P 5 for ind iv idua l  s tress components is
wr i t t en  as

= exp [_KV ~/V* (amaxi/oo)ml (8)

where K = 1 for s imple t ens i l e  stress , V~ = volume of elements , V~ =

volume of test specimen , and am = maximum pr inc i pal  s t ress  in
1

element . The p robab i l i ty  of survival  P~ of the en t i r e  s t ruc tu re  is 

- ,- •- ~~~~~ _ _  _
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N

~s = JT Ps~ (9)
1=1

where N = number of elements in f in i te  element solution .

1s’e ibull  strength parameters were m = 10.30 and 00 = 3.55 ksi ,
obtained from hydroburst tests on SCFS rings with 31.4 in.3 volume .
Since fiberg lass , graphite , and the adhesive materials are not assumed
volume-dependent, reliability calculations for these materials were
based on app lication of the Warner (stress-strength) diagram for each
individual material element (12).

The reliability of these materials was determined from the
basic concept that a no-failure probability exists when allowable stress
S is not exceeded by applied stress s. That is ,

R =ff(s) [I f(S)dS]ds (10)

where f (s )  is the probabil ity dens ity function obtained from knowledge
of the design stress in the structural element and f(S) represents the
distribution of the material strength . The standard deviations for
f(s) and f(S) are obtained from strength data and an assumed variabil-
ity in design stress calculations . If density functions for strength
and stress are assumed normal ( 12) , then

P. = [l/(a~I~~)) .( exp [_l/2 ((~_
~ )/ a~)2]dc (11)

where ~~~ = - a = lo~ + a~ , and ~ = S - s. The 0s and o
~ 

are stan-
dard deviations fo~ strength and stress data.

‘~ 
calcul ations were comp leted for each material component and

used in Eq. 9 to determine reliability of the entire structure , which
includes the four materials. Important results of the calculations are
summar ized in Table 1, where the location and material with correspond-
ing maximum stress and associated stressed vo lume are indicated. Sen-
sitivity of the P estimates was also evaluated by assuming coefficients
of var iat ion of O o , 10%, and 15% in stresses .

- -
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Tatle 1. RaIAB1LITY CALCULATIO)~S FROM
PROOF TEST OF RADO’4E

CV I%l P5
Design Complete Material

Displace m e nts Stress Radom e Peak P
~

0.~~ 0 (08 0.99060 SCFS - - -
.067 ~~~ .998.59 sc~ 

P~ 
. Prc6abil uty 01 Su rvwal

.067 1008) .99840 SCFS p1 . 0 99989

.067 is .nu .99831 SCFS MM Rohm & ihaasl

.015 0.~~ .96095 Graphite - - -

.01.5 10.~~ .89065 GraphIte P1 . Pr~ abihIty of Failure

.015 15.~~ .79084 Graphite

STRENGTH MATERIALS 11.1 °mao 164 ksj

Moan Standard - Stressed Vol . 407 in~
Materials Stre- I hAsh ) Dev iatio (A ii ~~ Ring Displacem ent 0.067 in .

SCFS 3.306 0. 396
Adhesive 0.660 0.140 -
Graphite &L~~ s.nu Feen lass

F6erglass 26.506 4.284 °mao 242 ksi
Stressed Vol P0962 in.3

Disp lacement .0.015 irs
SCFS

CONCLUSIONS

Table 1 indicates the influence of radial displacement on sur-
vival estimates. Referring to the case of 15-nil -deflection , the maxi-
mum SCFS stress is 2.42 ksi and the associated stressed volume is
0.962 in.3 . Eq. 7 and the SPT di agram (F igure 10) can be used to esti-
mate , at 99% P5, that such a stress could be sustained for more than
20 years.

It should be recalled , however , that the data used to construct
the SPT diagram was obtained under ambien t labora tory conditions and it
is assumed these represent the radome environment . More severe environ-
ments would lead to shorter life estimates . So-called inert strength
could be measured at higher strain rates in a beni gn atmosphere , whereas
slow strain rate results could be obtained in aqueous or other detri-
mental environments . Such data would most likely lead to significantly
shorter life estimates . Note that the SCFS material used to generate
the SPT diagram was machined from flat billets , using similar slip and
general ly iden tical processing techni ques as in radome manufacture.

• However, it is a moot point whether th is SCFS is ind eed representative
of radome materials. Preliminary tests on Type I radome fragments

• conducted at loading rates varying from 0.01 to 1.0 in./min suggested
a potential range of slow crack exponen t of 14 ~ n < 35. Using the
Weib ull exponen t of 10.3, which resulted from a best fit of 44 hydro-
burst tests on SCFS, and n = 35.1, the shortest life is estimated as
36 days for the 2.42 ksi stress maximum . 

~~~~~~~~~~~~~~~~~~~~~~~ -j
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Referring to Table 1, use of the various coefficients of vari-
ation is intended to represent potential uncertainties in the analytical
modeling and associated stress distributions . For the largest radial
deflection , the 

~~~ 
estimates are observably affected. This emphasizes

the necessity to accurately describe stress distributions . It is
apparent that other proof test methods should be analyzed in detail
and compared to desi gn condition stresses to assess the adequacy of

• these screening techniques.

In summary , techniques have been discussed which permit esti-
mates of probability of survival under fast fracture as well as

• sustained stress conditions. These analytical computations are quite
sensitive to values of m and n. Therefore, it is imperative that
actual radome materials be thoroughly characterized .
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